Abstract. Zn(BH 4 ) 2 (0.5-1.5 mmol) in the presence of charcoal (1 mmol) reduces a variety of organic carbonyl compounds such as aldehydes, ketones, acyloins, α-diketones and α,β-unsaturated carbonyl compounds to their corresponding alcohols. Reduction reactions were carried out in THF at room temperature in high to excellent yields. The chemoselective reduction of aldehydes over ketones was successfully accomplished with this reducing system. In addition, regioselectivity and exclusive 1,2-reduction of conjugated carbonyl compounds to their corresponding allylic alcohols was also performed in in high to excellent yields with this reducing system. Key words: Zn(BH 4 ) 2 , reduction, carbonyl compounds, charcoal, chemoselectivity, regioselectivity.
Introduction
Reduction is one of the most fundamental and useful reactions in organic synthesis. During the past decades, sodium borohydride is always playing an important role in modern organic synthesis [1] . This reagent has gained commercial status, in spite of its poor solubility in organic solvents and lesser reactivity, the reagent is inevitably used in excess quantities [2] . So, controlling the reducing power of this reagent has been one of the main interests for organic chemists in many years. To overcome these drawbacks, soluble metal borohydrides have been realized such as variation of alkali-metal cation and metal cation in the hydride complex, e.g., Li [BH 4 2 and Zn(BH 4 ) 2 are the modified borohydride agents which have a better solubility in aprotic solvents, so their uses and applications are of the interest in organic synthesis. Among these reagents, zinc borohydride is unique because of (a) Zn 2+ is a soft Lewis acid in comparison to Ca 2+ , Li + and Na + which are hard acids and (b) better coordination ability of Zn 2+ which imparts selectivity in hydride transferring reactions. Zinc borohydride is moderately stable in ethereal solution and found more applications in organic synthesis [9] .
This reagent as a nonconventional hydride transferring agent has been reported to effect very efficient chemo-, regioand stereoselective reductions in several complex substrates. This reducing agent is neutral and can be used in a range of aprotic solvents such as ether, THF and DME [10] . The literature review shows that the combination systems of H 2 or HCOONH 4 with Pd, Pt, Ru and Rh supported on carbon (catalytic hydrogenation or transfer hydrogenation) have been widely used for the reduction of functional groups in organic synthesis [11] . The reducing abilities of zinc tetrahydroborate have been reviewed [9] . In addition to using zinc tetrahydroborate alone as a mild reducing agent, its combination systems e.g., Zn(BH 4 ) 2 /TMEDA [12a] , Zn(BH 4 ) 2 /Me 3 SiCl [12b] and Zn(BH 4 ) 2 /TFA/DME [12c] are of interest and have been used for different reduction purposes. Although in the reported methods, showed an activity towards reduction, the literature did not show any application for the use of carbon alone as a promoter in combination with Zn(BH 4 ) 2 . This subject and our continuous efforts to explore the synthetic utilities of modified borohydride agents [12d-h] encouraged us to investigate reduction of functional groups by the combination system of Zn(BH 4 ) 2 /charcoal in dry media. Herein, we wish to introduce an efficient and convenient method for reduction of a variety of carbonyl compounds such as aldehydes, ketones, acyloins, α-diketones and α,β-unsaturated carbonyl compounds to the corresponding alcohols with Zn(BH 4 ) 2 /charcoal system in dry-THF at room temperature.
Results and Discussion
To investigate the influence of charcoal on the rate of reductions, we performed a set of experiments on the reduction of benzaldehyde as a model compound by Zn(BH 4 ) 2 as shown in Table 1 . Our experiments showed that the reduction of benzaldehyde with 1 molar equivalents of Zn(BH 4 ) 2 in the absence of charcoal in THF (the more efficient aprotic solvent) was not completed after 1 hour at room temperature, because Zn(BH 4 ) 2 is the active specie and easily decomposed. However, we found that by adding 1 molar equivalents of charcoal to the reaction mixture, the rate of reaction was extremely accelerated with the evolution of hydrogen gas. The reaction was com-pleted in 1 min and benzyl alcohol was obtained in 94% yield (Scheme 1).
The reaction conditions were optimized and they resulted in using the molar ratio of PhCHO/Zn(BH 4 ) 2 /charcoal (1:0.5:1) in THF at room temperature is optimal for the complete conversion (Table 1 , entry 4). We applied the optimal conditions for the reduction of a variety of aromatic and aliphatic aldehydes to their corresponding primary alcohols. As shown in Table 3 , the product alcohols were obtained in excellent yields within 2-8 min.
At the next attempt, we turned our attention into the reduction of ketones by the Zn(BH 4 ) 2 /charcoal system with acetophenone as a model compound. The inherent low reactivity of ketones relative to aldehydes led us to perform the reduction with 1 molar equivalents of Zn(BH 4 ) 2 and charcoal (1 mmol) in THF at room temperature ( Table 2 , entry 2). The reaction was completed within 75 min and 1-phenylethanol was obtained in 95% yield. The synthetic utility of the Zn(BH 4 ) 2 /C system in THF was further examined with the reduction of a variety of aliphatic and aromatic ketones. All ketones were reduced effectively to their corresponding secondary alcohols within 30-240 min at room temperature, as shown in Table 4 . Synthetic utilities of vicinal diols are well known and their preparations from the reduction of acyloins or α-diketones have attracted a great deal of attention. Reduction of α-diketones usually gives a mixture of α-hydroxy ketones and vicinal diols. Selective reduction of α-diketones to acyloins [13] or vicinal diols [14] can be undergone with some chemical or biochemical reagents. Reduction of α-diketones to vicinal diols with modified hydroborate agents is also a subject of interest [12, 15] and this goal was easily achieved by using 1.5 molar amounts of Zn(BH 4 ) 2 in the presence of 1 molar amounts of charcoal in THF at room temperature. Reduction reactions were performed efficiently in shorter reaction times (40-50 min) (92-95%) (Table 5, entry 1, 3 and 5). Under different conditions, our attempts to reduce α-diketones into acyloins were unsatisfactory and only vicinal diols were identified as the sole products. In addition, reduction of acyloins to vicinal diols is also a subject of interest in organic synthesis. The applications of non-hydridic reductants [16] and modified hydroborate [12, 15] have also been reported for such reduction. Using Zn(BH 4 ) 2 (1 molar amounts) in the presence of charcoal (1 molar amounts) in THF also easily provided this transformation at room temperature. Acyloin compounds were reduced to their corresponding vicinal diols in high to excellent yields with this reducing system (93-94%) ( Table 5 , entry 2, 4).
The chemoselective reduction of one functional group without affecting the other one is a well-known strategy for preparing molecules with ever-increasing complexity in organic synthesis. Since under the defined conditions, reduction of aldehydes and ketones with zinc borohydride in the presence Scheme 1. of charcoal is molar ratio of Zn(BH 4 ) 2 dependent, therefore, we thought that this system can have a chemoselectivity towards reduction of aldehydes over ketones. This fact was demonstrated with the selective reduction of benzaldehyde in the presence of acetophenone using 0.5 molar amounts of Zn(BH 4 ) 2 in the presence of 1 molar amounts of charcoal at room temperature in THF (Table 6 , entry 3) (Scheme 2). The usefulness of this chemoselectivity of the reduction was further examined with the reduction of benzaldehyde in the presence of other ketones such as benzophenone, cyclohexanone or etc, as shown in Table 7 .
On the other hand, reduction of unsaturated carbonyl compounds with sodium borohydride, one of the most widely utilized reducing agents, is highly solvent dependent and generally does not result in a useful regioselectivity [17a-b] . To control the reducing potential and selectivity of NaBH 4 in the 1,2-reduction of conjugated enones, numerous hydroborate agents have been developed in the following ways: a) by the replacement of hydride(s) with sterically bulky substituents or electron-withdrawing/releasing groups in order to discriminate between the structural and electronic environments of carbonyl groups . The usefulness of the Zn(BH 4 ) 2 /C reducing system was further investigated with the regioselective 1,2-reduction of α,β-unsaturated carbonyl compounds. We first examined reduction of cinnamaldehyde as a model compound. The reduction reaction took place with 0.5 molar amounts of Zn(BH 4 ) 2 in the presence of 1 molar amounts of charcoal in THF at room temperature. The reaction was completed in 8 min with a complete regioselectivity. The product, cinnamyl alcohol, was obtained in high yield (Table 8 , entry 1). This procedure was also applied for the reduction of citral and geraniol was obtained regioselectively in 97% yield. In the next attempt, we examined the reductions of conjugated enones with the Zn(BH 4 ) 2 /C reducing system. The results showed that our procedure was also regioselective and efficient, but reduction reactions were performed by using 1 molar amounts of Zn(BH 4 ) 2 in the presence of 1 molar amounts of charcoal in THF at room temperature. Regioselective 1,2-reductions of benzalacetone, benzalacetophenone and β-ionone were achieved successfully, with high to excellent yields of the corresponding allylic alcohols (Table 8) .
The chemo-and regioselectivity of this procedure were demonstrated by a competitive reduction of cinnamaldehyde over benzalacetone (Scheme 3).
It is notable that due to the low solubility of charcoal in THF, the reaction takes place under heterogeneous conditions. The mechanism for the influence of charcoal is not clear, however, we think that the following factors may play a role in the reduction process: a) as shown in Scheme 4 (step I), we observed that with the addition of charcoal to the reaction mixture (substrate and Zn(BH 4 ) 2 in THF), hydrogen gas is slowly liberated in situ. The synergistically generated molecular hydrogen combines with the hydride attack from the borohydride and thus accelerates the rate of reduction reaction (Scheme 4, step II).
Hydrogen gas generation seems to be directly related to the amount of charcoal. In the presence of large amounts of charcoal (5-10 mmol vs 0.5 mmol of Zn(BH 4 ) 2 , hydrogen gas generation increase dramatically. The use of large amounts of charcoal are not beneficial, because it causes the Zn(BH 4 ) 2 rapidly decomposes before the reduction reactions are complete (Table 1, entry 9-10) . Also, the chemoselectivity of Zn(BH 4 ) 2 /C system decreases and the regioselectivity is reduced. b) charcoal is a very fine porous material. Consequently, zinc borohydride, generated hydrogen gas in situ and substrates finely disperse on the surface of charcoal and therefore more interaction produces the efficiency in the reductions. 
Conclusions
In this investigation, we have shown that the combination system of Zn(BH 4 ) 2 /charcoal in THF reduces a variety of carbonyl compounds to their corresponding alcohols in high to excellent yields. Reduction reactions were carried out with 0.5-1.5 molar equivalents of Zn(BH 4 ) 2 in the presence of 1 molar equivalents of charcoal in THF. Reduction of acyloins and α-diketones by the Zn(BH 4 ) 2 /charcoal system also produced efficiently the corresponding vicinal diols in THF. The chemoselective reduction of aldehydes over ketones was accomplished successfully with this reducing system. In addition, regioselectivity of this system was also investigated with exclusive 1,2-reduction of conjugated carbonyl compounds to their corresponding allylic alcohols in high to excellent yields. All reductions were accomplished at room temperature with high efficiency, shorter reaction times and easy work-up procedure. Therefore, this new protocol for Zn(BH 4 ) 2 reduction of carbonyl compounds could be a useful addition to the currently available present methodologies.
Experimental General
All substrates and reagents were purchased from commercially sources and used without further purification. Charcoal was used in activated form (Merck, art. 102186). IR and 1 H NMR spectra were recorded on PerkinElmer FT-IR RXI and 300 MHz Bruker spectrometers, respectively. Agilent 6890N gas chromatograph equipped with a FID detector was used for this study. The products were characterized by their 1 H NMR or IR spectra and comparison with authentic samples (melting or boiling points). Organic layers were dried over anhydrous sodium sulfate. All yields refer to isolated pure products.
A typical procedure for reduction of aldehyedes with Zn(BH 4 ) 2 /charcoal in THF Zn(BH 4 ) 2 was prepared from ZnCl 2 and NaBH 4 according to an established procedure [7] . In a round-bottomed flask (10 ml) equipped with a magnetic stirrer, a solution of benzaldehyde (0.106 g, 1 mmol) in THF (2 ml) was prepared. To this solution, Zn(BH 4 ) 2 (0.048 g, 0.5 mmol) and charcoal (0.012 g, 1 mmol) were added and the mixture was stirred at room temperature for 5 min. Completion of the reaction was monitored by TLC (eluent; CCl 4 /Et 2 O: 5/2). Water (5 ml) was then added to the reaction mixture and it was stirred for another 5 min. The mixture was extracted with CH 2 Cl 2 (3 × 6 ml) and the organic layer was dried over anhydrous Na 2 SO 4 . Evaporation of the solvent and purification in a short column chromatography of the resulting crude material over silica gel (eluent; CCl 4 /Et 2 O: 5/3) afforded benzyl alcohol (0.102 g, 94%, Table 3 , entry 1).
A typical procedure for reduction of ketones to alcohols with Zn(BH 4 ) 2 /charcoal in THF
In a round-bottomed flask (10 ml) equipped with a magnetic stirrer, a solution of acetophenone (0.12 g, l mmol) in THF (2 ml) was prepared and Zn(BH 4 ) 2 (0.095 g, 1 mmol) and charcoal (0.012 g, 1 mmol) were added. The mixture was stirred at room temperature for 70 min. TLC monitored the progress of In a round-bottomed flask (10 mL) equipped with a magnetic stirrer and charged with a solution of benzil (0.21 g, l mmol) in THF (3 ml), Zn(BH 4 ) 2 (0.14 g, 1.5 mmol) and charcoal (0.012 g, 1 mmol) were added. The resulting mixture was stirred at room temperature for 40 min. TLC monitored the progress of the reaction (eluent; CCl 4 / Et 2 O: 5/2). After completion of the reaction, distilled water (5 ml) was added to the reaction mixture and this combination was then stirred for an additional 5 min. The mixture was extracted with CH 2 Cl 2 (3×8 ml) and the organic layer was dried over anhydrous sodium sulfate. Evaporation of the solvent and purification in a short column chromatography of the resulting crude material over silica gel (eluent; CCl 4 /Et 2 O: 5/3) afforded hydrobenzoin (0.20 g, 95% yield, Table 5 , entry 1).
A typical procedure for competitive reduction of aldehydes and ketones with Zn(BH 4 ) 2 /charcoal in THF
In a round-bottomed flask (10 ml) equipped with a magnetic stirrer, a solution of benzaldehyde (0.106 g, l mmol) and acetophenone (0.12 g, 1 mmol) in THF (3 mL) was prepared. To this solution Zn(BH 4 ) 2 (0.048 g, 0.5 mmol) and charcoal (0.012 g, 1 mmol) were added. The resulting mixture was stirred at room temperature for 5 min. TLC monitored the progress of reaction. After 5 min, the reaction mixture was quenched by addition of distilled water (5 ml) and this mixture was then stirred for an additional 5 min. The mixture was extracted with CH 2 Cl 2 (5×8 ml) and the organic layer was dried over anhydrous sodium sulfate. The solvent was evaporated and conversions were determined by GC analysis. (Table 6 , entry 3).
A typical procedure for regioselective 1,2-reduction of conjugated carbonyl compounds with Zn(BH 4 ) 2 /charcoal in THF
In a round-bottomed flask (10 ml) equipped with a magnetic stirrer, a solution of benzylideneacetone (0.146 g, 1 mmol) in THF (2 ml) was prepared and Zn(BH 4 ) 2 (0.0.95 g, 1 mmol) and charcoal (0.012 g, 1 mmol) were added. The resulting mixture was stirred at room temperature. TLC monitored the progress of the reaction (eluent; CCl 4 /Et 2 O: 5/2). After completion of the reaction within 140 min, distilled water (5 mL) was added and the resulting mixture was then stirred for an additional 5 min. The mixture was extracted with CH 2 Cl 2 (3×8 mL) and the organic layer was dried over anhydrous sodium sulfate. Evaporation of the solvent and purification in a short column chromatography of the resulting crude material over silica gel (eluent; CCl 4 /Et 2 O: 5/2) afforded 4-phenyl-3-buten-2-ol (0.l41 g, 95% yield, Table 8 , entry 2).
